1. Introduction {#sec1-nanomaterials-10-01261}
===============

Age-hardenable Cu-Ti alloys, which contain 3--5 mol.% Ti, have gained considerable attention for use in electrical devices such as microconnectors and relay controls because of their excellent mechanical strength, stress--relaxation behavior, stiffness, and good electrical conductivity \[[@B1-nanomaterials-10-01261],[@B2-nanomaterials-10-01261],[@B3-nanomaterials-10-01261],[@B4-nanomaterials-10-01261],[@B5-nanomaterials-10-01261],[@B6-nanomaterials-10-01261]\]. These strong and highly conductive precipitation-hardened alloys are anticipated to become increasingly technologically significant as they replace the current state-of-art Cu-Be alloys in numerous applications. An unfortunate drawback of Cu-Ti alloys is their higher electrical resistivity as compared to Cu-Be, induced by dissolute Ti in Cu matrix \[[@B1-nanomaterials-10-01261],[@B6-nanomaterials-10-01261],[@B7-nanomaterials-10-01261],[@B8-nanomaterials-10-01261]\]. The aging of Cu-Ti leads to a trade-off between the electrical conductivity and mechanical properties. To improve the conductivity of Cu-Ti alloys without degradation of mechanical strength, Semboshi, et al. \[[@B6-nanomaterials-10-01261],[@B9-nanomaterials-10-01261],[@B10-nanomaterials-10-01261],[@B11-nanomaterials-10-01261],[@B12-nanomaterials-10-01261]\] developed a protocol for aging the Cu-Ti alloys in hydrogen (*T* = 773 K, *P* = 0.37 MPa, duration up to 180 h). This aging resulted in the permeation of hydrogen into Cu-Ti solid solution and binding of dissolved Ti, resulting in precipitation of titanium hydride (TiH~2~) from the copper matrix along with the main strengthening phase Cu~4~Ti. However, the required aging duration resulted in the coarsening of the alloys' microstructure and degradation of mechanical properties \[[@B10-nanomaterials-10-01261],[@B11-nanomaterials-10-01261],[@B12-nanomaterials-10-01261],[@B13-nanomaterials-10-01261]\].

The mechanical and conductive properties of Cu-Ti alloys can be simultaneously bolstered using the recently developed hierarchical reinforcement approach \[[@B14-nanomaterials-10-01261],[@B15-nanomaterials-10-01261],[@B16-nanomaterials-10-01261],[@B17-nanomaterials-10-01261],[@B18-nanomaterials-10-01261]\]. The hierarchical reinforcement can be achieved via the controlled condition-specific precipitation of primary and secondary phases at the micro- and nanoscale. The hierarchy of length scales is associated with a spatiotemporal hierarchy (i.e., the spectrum of characteristic relaxation times) \[[@B14-nanomaterials-10-01261],[@B19-nanomaterials-10-01261]\].

The design of hierarchically-structured structures relies heavily on the control of primary and secondary precipitation mechanisms. In particular, high energy ball milling (HEBM) treatment was instrumental in the formation of hierarchical structures in ceramics \[[@B20-nanomaterials-10-01261],[@B21-nanomaterials-10-01261],[@B22-nanomaterials-10-01261],[@B23-nanomaterials-10-01261]\].

Recently, an in situ hydrogenation--reoxidation approach was developed for the manufacturing of conductive and strong hierarchically structured Cu-Ti alloys from commercially feasible Cu powders with 5% native Cu~2~O \[[@B24-nanomaterials-10-01261]\]. The reinforcement was achieved via the segregation of Ti and O from Cu matrix and coherent precipitation of cubic Cu~3~Ti~3~O inclusions (Ti~2~Ni-type structure stabilized by O) during hot pressing. Enhanced stiffness of the developed Cu-Ti alloy makes it a promising candidate for sliding electrical contacts and diamond binders \[[@B25-nanomaterials-10-01261]\]. Previously, a considerable enhancement of tribological performance of copper was achieved using Cu-Ti coatings \[[@B26-nanomaterials-10-01261]\] as well as by engineering of Cu-Ti-C \[[@B27-nanomaterials-10-01261]\] and Cu-Ti-Sn-C \[[@B28-nanomaterials-10-01261]\] nanocomposites.

This works aims to ascertain the influence of processing parameters on structure formation, mechanical properties, electrical conductivity, and tribological performance of hierarchically structured Cu-Ti alloys.

2. Materials and Methods {#sec2-nanomaterials-10-01261}
========================

In this study, electrolytic copper powder (PMS-1 grade, Joint stock company "Uralelectromed", Verkhnyaya Pyshma, Russia; [Figure 1](#nanomaterials-10-01261-f001){ref-type="fig"}) with an average grain size of 40 μm and TiH~2~ powder, produced by hydrogenation of a titanium sponge, with an average grain size of 12 μm, were used as initial materials. The concentration of TiH~2~ was varied in the range of 0--15 mass %. Copper powders contained 5% native Cu~2~O \[[@B24-nanomaterials-10-01261]\], distributed on the surface of copper dendrites ([Figure 1](#nanomaterials-10-01261-f001){ref-type="fig"}). The content of oxygen in copper powder measured by energy dispersive X-ray spectroscopy (EDS) was 1.8 wt.%.

2.1. Preparation of Reactive Composite Powders {#sec2dot1-nanomaterials-10-01261}
----------------------------------------------

The pure copper and Cu-1.15% TiH~2~ powder mixtures were processed in high energy planetary ball mill Activator-2s with external water cooling (Activator Engineering Plant, Ltd., Novosibirsk, Russia) using the following regime: rotation speed 700 rpm, mass of milling media to powder mass---15:1. Isopropyl alcohol (10 wt.%) was added into the powder mixture to prevent the sticking of copper on milling media and the walls of the jars. The jars were filled with argon to prevent the oxidation of the mixture during the milling. The milling-associated pollution of reactive mixtures was below 1.5 wt.%, as measured by EDS.

Two milling protocols were employed: (1) single-stage HEBM of the mixture of Cu and TiH~2~ powders during 10 min and (2) two-stage HEBM---first the TiH~2~ powder was milled for 30 s, then the mixture of Cu and TiH~2~ powders was milled for 10 min. The size of the resulting TiH~2~ powders was determined via laser diffraction analysis using a Fritsch Analysette 22 Microtec Plus Instrument (Fritsch GmbH, Idar-Oberstein, Germany).

2.2. Hot Pressing of Reactive Composites {#sec2dot2-nanomaterials-10-01261}
----------------------------------------

The compact samples were produced using the hot pressing technique (HP) in the vacuum on a setup DSP 515-SA (Dr. Fritsch GmbH & Co. KG, Fellbach, Germany). The maximum hot pressing temperature was 850 °C; 350 kg/cm^2^ pressure at the maximum temperature; exposure duration 3 min ([Figure 2](#nanomaterials-10-01261-f002){ref-type="fig"}). The temperature at which pressure started to be applied was determined according to the previously obtained results of the differential scanning calorimetry (DSC) of powder mixtures and corresponded to the end of TiH~2~ decomposition \[[@B24-nanomaterials-10-01261]\]. The produced compact samples were cut for testing of their bending strength, hardness, porosity, electrical conductivity, and wear behavior, as well as for the microstructural observations and X-ray diffraction analysis (XRD).

2.3. Tensile and Bending Testing {#sec2dot3-nanomaterials-10-01261}
--------------------------------

LF-100 servohydraulic universal testing machine (Walter+bai AG, Löhningen, Switzerland) equipped with an external digital controller (EDC) was used to measure the bending strength. Its values were determined using the DIONPro software (Walter+bai AG, Löhningen, Switzerland) enabling automated recording and statistical analysis of test results. The tensile tests were carried out using a Zwick Z250 apparatus (Zwickroell GmbH, Ulm, Germany), equipped with the contact deformation sensor. The deformation rate was 1 mm/min. Measurement error did not exceed 1%.

2.4. Measurements of Hardness and Relative Density {#sec2dot4-nanomaterials-10-01261}
--------------------------------------------------

Hardness (*H*) and Young's modulus (*E*) of hot-pressed samples were evaluated by nanoindentation using an MVI Tv/09 Nano Hardness Tester (CSM Instruments, Peseux, Switzerland) at a load of 10 mN and exposure to load for 5 s. The experimental curves recorded for 12--16 indentations were sorted according to indentation depth, enabling assessment of the properties of individual structural components. The indentation curves were processed using the Oliver--Pharr nonlinear curve fit method (ISO 14577--1:2002). The relative density of compact samples was determined by the Archimedes method via hydrostatic weighing using an analytical balance (A&D, Tokyo, Japan). Weight was measured with an accuracy of 10^−4^ g.

2.5. Microstructural and XRD Investigations {#sec2dot5-nanomaterials-10-01261}
-------------------------------------------

The structures of powdered and compact materials were studied by SEM on an S-3400N microscope (Hitachi, Tokyo, Japan) equipped with a NORAN energy-dispersive X-ray spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The investigation of the fine structure was carried out by TEM JEM 2100 (Jeol, Tokyo, Japan). TEM foils were prepared using a PIPS II System for dual ion-beam etching (Gatan, Pleasanton, CA, USA) and by FIB on FEI Quanta 200 3D FIB instrument (FEI, Hillsboro, OR, USA).

X-ray diffraction analysis was performed on a DRON-4 diffractometer (JSC Bourevestnik, St. Petersburg, Russia) using monochromatic CuKα radiation in a range of angles 2*θ* = 10--120°.

2.6. Tribological Testing {#sec2dot6-nanomaterials-10-01261}
-------------------------

The tribological tests were carried out using a friction testing machine TRIBOMETER (CSM Instruments, Peseux, Switzerland) according to the "Pin-on-disc" scheme in the following regime: track radius 6.8 mm, load 0.5 N, maximum velocity 10 cm/s, run-length 214 m, and air atmosphere. Three millimeter balls made of Al~2~O~3~ were used as counter-bodies. Three measurements were performed per sample. After the tests, the geometry of wear tracks was investigated using 2D and 3D images, recorded on Wyko NT1100 optic profilometer (Veeco, Plainview, NY, USA). The wear was calculated via Equation (1), implemented in the profilometer software: *WR*---wear, mm^3^/(N\*m); *S~max~*---section area in a wide segment of the track, mm^2^; *S~min~*---section area in a narrow segment of the track, mm^2^; *n*---the number of measurements; *l*---wear track perimeter, mm; *F*---load on counterbody, N; and *S*---total run, m.

2.7. Measurements of Electrical Conductivity {#sec2dot7-nanomaterials-10-01261}
--------------------------------------------

Electrical conductivity was measured by the conventional 4-points technique on AKIP-6301/1 installation (JSC "PrisT", Moscow, Russia) with the measurement precision of 1 × 10^−7^ Om. Rectangular 40 mm × 4 mm × 0.1 mm specimens were produced by cutting the hot-pressed specimens with subsequent abrasive thinning. During the machining, specimens were cooled by distilled water to prevent the heating.

3. Results {#sec3-nanomaterials-10-01261}
==========

3.1. Single-Stage and Two-Stage HEBM {#sec3dot1-nanomaterials-10-01261}
------------------------------------

The TiH~2~ powder used in this work was characterized by De Brouckere Mean Diameter D of 12.04 microns. To investigate the influence of the size of TiH~2~ particles on the resulting phase composition, structure, and properties, two schemes of HEBM were applied: single-stage HEBM, in which both copper and TiH~2~ were treated simultaneously for 10 min, and two-state HEBM, in which the TiH~2~ was first milled for 30 s, then copper was added and the mixture was milled for 10 min. Laser diffraction measurements demonstrated that pre-milled TiH~2~ was an order of magnitude finer, with the D of 1.4 microns and 90% of particles being \<3 microns ([Figure 3](#nanomaterials-10-01261-f003){ref-type="fig"}).

The two-stage HEBM resulted in the more uniform distribution of TiH~2~ in the reactive composites ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}). TiH~2~ particles were immersed into the copper matrix or are located between the copper layers ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}a,c). Single-stage HEBM leads to the more pronounced segregation and agglomeration of TiH~2~ ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}b,d), probably due to the shielding of large "pockets" filled with TiH~2~ from the direct impact of steel balls by the layers of ductile copper, especially evident at higher TiH~2~ content ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}d).

XRD analysis (not shown) revealed the presence of crystalline TiH~2~, copper and cuprite Cu~2~O in the ball-milled mixtures, and no traces of titanium or intermetallic compounds. The XRD patterns for Cu-(1--15)% TiH~2~ were similar regardless of the applied ball milling protocol or TiH~2~ content and differed only in the relative intensity of Cu and TiH~2~ peaks.

3.2. Reactive Hot Pressing of Ball-Milled Cu-(0--15)% TiH~2~ Mixtures {#sec3dot2-nanomaterials-10-01261}
---------------------------------------------------------------------

Compacted specimens were produced by hot pressing of reactive composites at 850 °C in vacuum. Heating up to 700 °C was conducted without the application of pressure to allow for the evaporation of alcohol and desorption of gasses from the surface of powders. All the compacted specimens featured a similar phase composition; the increase in the TiH~2~ content in the initial mixture resulted in the more prolific formation of Cu~3~Ti~3~O ([Figure 5](#nanomaterials-10-01261-f005){ref-type="fig"}). The phase composition of as-milled specimens (not shown) did not depend on the employed milling protocol; after the sintering, specimens produced by single-stage HEBM contained 3--5% of residual Ti ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}).

SEM images of HP specimens ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}) demonstrated that the two-stage HEBM resulted in substantial microstructural refinement and homogenization of the HP alloy. Alloys produced from reactive mixtures Cu-(2.5--15)% TiH~2~ after single-stage HEBM contained elongated "islands" of unreacted Ti (black phase on [Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}c,e,g,i), which were similar in size and shape to the TiH~2~ agglomerates in the reactive mixtures ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}d). Layers of Cu~3~Ti~3~O (0.5--3 μm wide dark-grey phase) separated the Ti islands from the copper matrix (bright phase). Cu~3~Ti~3~O was also present within the copper matrix but was distributed in a non-uniform fashion ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}g,i). In the alloys fabricated from reactive mixtures after two-stage HEBM, the Ti islands appeared only at TiH~2~ content as high as 15% ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}j). At 1--5% TiH~2~ content in the initial mixture, Cu~3~Ti~3~O was uniformly distributed in the copper matrix ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}b,d,f), whereas at 10% TiH~2~ ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}h) and 15% TiH~2~ ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}j) the aggregation of Cu~3~Ti~3~O was evident.

3.3. Mechanical Properties and Electrical Conductivity of Hot-Pressed Cu-TiH~2~ Samples {#sec3dot3-nanomaterials-10-01261}
---------------------------------------------------------------------------------------

The relative density, three-point flexural strength, and electrical conductivity was measured ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}) and compared with the existing data on spark plasma sintered \[[@B9-nanomaterials-10-01261]\] and hydrogenated Cu-Ti alloys \[[@B10-nanomaterials-10-01261],[@B11-nanomaterials-10-01261],[@B12-nanomaterials-10-01261],[@B13-nanomaterials-10-01261]\].

The relative density of hot-pressed specimens decreased with increased TiH~2~ content in the reactive mixture regardless of the employed ball-milling protocol; however, in the case of two-stage milling, this decrease was more pronounced. Surprisingly, despite the evident microstructural heterogeneity ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}), alloys produced using single-stage HEBM demonstrated both higher tensile strength ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}b) and electrical conductivity ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}c). The highest values for strength and electrical conductivity were attained for Cu-10% TiH~2~ composition processed by single-stage HEBM.

Mechanical properties of individual structural constituents of Cu-10% TiH~2~ HP samples were measured by nanoindentation ([Table 1](#nanomaterials-10-01261-t001){ref-type="table"}). Additionally, a copper specimen was produced using the same processing conditions and used as a reference point. The hardness of Cu matrix increased for 4--5 times with the introduction of TiH~2~, which might be related to the Zener pinning of the grain boundaries of copper by the in situ formed Cu~3~Ti~3~O particles.

Tensile testing of Cu and Cu-10% TiH~2~ HP samples revealed 2.5--4.5 higher strength of the Cu-10% TiH~2~ specimens compared to the pure copper ([Figure 8](#nanomaterials-10-01261-f008){ref-type="fig"}). The sample produced using single-stage HEBM of Cu-10% TiH~2~ mixture was characterized by considerably higher strength---up to 900 MPa, which is comparable to the highly alloyed copper-based materials \[[@B29-nanomaterials-10-01261],[@B30-nanomaterials-10-01261]\] and is slightly higher than the strength of conventional copper--titanium alloys \[[@B31-nanomaterials-10-01261],[@B32-nanomaterials-10-01261]\].

To reveal the origins of higher strength of samples produced by single-stage HEBM of Cu-10% TiH~2~, additional TEM investigations were performed.

3.4. TEM Investigation of Hot-Pressed Cu-TiH~2~ Samples {#sec3dot4-nanomaterials-10-01261}
-------------------------------------------------------

[Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"} and [Figure 10](#nanomaterials-10-01261-f010){ref-type="fig"} provide the TEM images and EDS mapping of the samples produced using single-stage HEBM ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}) and two-stage HEBM of Cu-10% TiH~2~ mixture ([Figure 8](#nanomaterials-10-01261-f008){ref-type="fig"}). TEM investigation of the HP sample produced using single-stage HEBM of Cu-10% TiH~2~ revealed a fine-structured copper matrix (grains size 50--150 nm, [Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}a) interspersed with nanosized Cu~3~Ti~3~O precipitates (10--20 nm, [Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}b,e). Both microstructural evaluation ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}b) and EDS mapping ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}c,d) suggest that the Cu~3~Ti~3~O phase is present in the form of discrete rounded precipitates, which are semi-coherent to the copper matrix ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}e) and relatively uniformly distributed within the copper grains ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}b). The evaluation of TEM images ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}a,c) revealed that the average spacing between Cu~3~Ti~3~O nanoprecipitates was 30 nm. Therefore, two types of Cu~3~Ti~3~O inclusions form in the microstructure of alloys produced by single-stage HEBM route: nanosized (1--5 nm) precipitates, which were coherent to the copper matrix ([Figure 9](#nanomaterials-10-01261-f009){ref-type="fig"}) and coarse precipitates, which were located near the incompletely dissolved Ti particles ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}c,e,g,i).

In contrast, the HP alloy produced using two-stage HEBM of the Cu-10% TiH~2~ mixture was characterized by a coarser grain structure of the copper matrix (1--2 μm, [Figure 10](#nanomaterials-10-01261-f010){ref-type="fig"}a). The Cu~3~Ti~3~O phase did not form nanoprecipitates and instead was present in the form of 0.1--0.2 μm wide polycrystalline ([Figure 10](#nanomaterials-10-01261-f010){ref-type="fig"}b) layers located at the boundaries of Cu grains ([Figure 10](#nanomaterials-10-01261-f010){ref-type="fig"}b--f). Despite both samples having a similar phase composition (Cu+Cu~3~Ti~3~O, [Figure 10](#nanomaterials-10-01261-f010){ref-type="fig"}g), in case of the Cu-10% TiH~2~ mixture produced by two-stage processing the Cu~3~Ti~3~O phase experienced coarsening during the initial stages of sintering and was unable to provide efficient pinning for copper grain boundaries, resulting in coarsening of the copper matrix.

As a result, the strengthening potential was not fully realized, resulting in lower bending ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}b) and tensile ([Figure 8](#nanomaterials-10-01261-f008){ref-type="fig"}) strength and increased brittleness ([Figure 8](#nanomaterials-10-01261-f008){ref-type="fig"}). Since the Cu~3~Ti~3~O phase was considerably less conductive than Cu, the formation of the grain-boundary layers of Cu~3~Ti~3~O hampers the electrical conductivity of the alloy ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}c).

Such a difference in the microstructure of the hot-pressed alloys might be related to the higher specific surface of refined TiH~2~ used in the two-stage HEBM protocol ([Figure 3](#nanomaterials-10-01261-f003){ref-type="fig"}), which provided a higher reactive surface for the diffusion of titanium atoms into the copper matrix. Moreover, the overall content of Cu~3~Ti~3~O phase was higher in case of the specimens produced by two-stage HEBM, since all the initial TiH~2~ was converted into Cu~3~Ti~3~O, whereas in case of single-stage HEBM a part of TiH~2~ upon decomposition forms an independent phase and is not dissolved in the copper matrix ([Figure 6](#nanomaterials-10-01261-f006){ref-type="fig"}c,e,g,i).

3.5. Tribological Performance of Hot-Pressed Cu-TiH~2~ Alloys {#sec3dot5-nanomaterials-10-01261}
-------------------------------------------------------------

One of the most pivotal characteristics of diamond binders and electrical contacts is the wear resistance. Pin-on-disc tribological testing using the Al~2~O~3~ counter-body models the conditions of real-life machining of hard and abrasive materials, such as concrete.

All tested specimens displayed a periodic broadening of the wear track, suggesting a partial pushing of alumina ball into the specimens during the testing. The HP alloy produced using single-stage HEBM of Cu-10% TiH~2~ mixture demonstrated the best tribological performance among the tested specimens ([Figure 11](#nanomaterials-10-01261-f011){ref-type="fig"})---its specific wear was nearly an order of magnitude below the value for pure copper and 3.5 times below the value for alloy produced by the two-stage HEBM ([Table 2](#nanomaterials-10-01261-t002){ref-type="table"}). The coefficient of friction (CoF) for the HP alloy produced using single-stage HEBM of Cu-10% TiH~2~ was also the lowest among the investigated samples ([Table 2](#nanomaterials-10-01261-t002){ref-type="table"}).

Investigation of the wear tracks in the HP sample of Cu-10% TiH~2~ mixture (two-stage HEBM) revealed the formation of fiber-like structures mostly oriented perpendicular to the sliding direction ([Figure 12](#nanomaterials-10-01261-f012){ref-type="fig"}a). The microfibers had a diameter of 100 nm ([Figure 12](#nanomaterials-10-01261-f012){ref-type="fig"}b) and composition close to Cu~3~Ti~3~O ([Figure 12](#nanomaterials-10-01261-f012){ref-type="fig"}c). Therefore, two factors could account for the enhanced tribological performance of the sample produced using two-stage HEBM of the Cu-10% TiH~2~ mixture: increased strength of the alloy ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}) and formation of Cu~3~Ti~3~O microfibers, which can ensure a reduction of the coefficient of friction and wear ([Table 2](#nanomaterials-10-01261-t002){ref-type="table"}) due to a rolling effect and due to the generally lower coefficient of friction in oxide--oxide tribological pairs.

4. Discussion {#sec4-nanomaterials-10-01261}
=============

Since Cu and TiH~2~ have drastically different mechanical properties, especially Young's moduli, the investigated powder mixtures demonstrated different behavior during HEBM. Ductile copper particles were easily deformed, flattened, and welded together upon the collisions with the milling media. The addition of increasing amounts of TiH~2~ resulted in a gradual shift towards the ductile--brittle mechanical alloying behavior. The brittle particles of TiH~2~ disintegrate down to a submicron size and get trapped between the layers of copper. Despite the disintegration of initial TiH~2~ powders during the HEBM, the size of TiH~2~ particles in the reactive composite particles Cu-TiH~2~ was distinctly higher in case of single-step HEBM (1--6 μm, [Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}b,d) as compared to the two-step HEBM (0.1--0.5 μm, [Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}a,c). This size difference affects the phase and structure formation during the hot pressing of reactive composites.

4.1. Diffusion of Oxygen and Hydrogen in Copper {#sec4dot1-nanomaterials-10-01261}
-----------------------------------------------

Interaction between hydrogen and oxygen in copper was previously studied to understand and control the hydrogen embrittlement in alloys with high oxygen contents, such as electrolytic tough pitch (ETP) copper \[[@B33-nanomaterials-10-01261]\]. The hydrogen embrittlement of copper is mainly attributed to the formation of voids as a result of the reduction of copper oxide inclusions or oxygen dissolved in the copper matrix by the diffusing hydrogen. Above the critical point of water (647 K) such reaction forms steam, accelerating the embrittlement process. Embrittlement occurs in two stages: incubation (controlled by the oxygen diffusion to internal surfaces) and cracks formation (controlled by hydrogen permeation from the external surfaces to the internal voids).

It was conjectured that the addition of elements with high affinity to hydrogen and oxygen to the copper might influence the hydrogen diffusion in copper by acting as trapping sites and affecting both transient permeation and absorption behavior. A similar trapping effect is expected from the lattice defects in copper, such as vacancies and dislocations \[[@B33-nanomaterials-10-01261]\].

Caskey, et al. \[[@B33-nanomaterials-10-01261]\] noted that oxide impurities in electrolytic tough-pitch copper impeded the hydrogen permeation. After prolonged annealing in hydrogen (24 h at 800 K) and outgassing, the "reduced" electrolytic tough-pitch copper demonstrated the hydrogen permeability similar to oxygen-free copper alloys (1.25 × 10^7^ (cm^3^/s) (cm/cm^2^∙atm^1/2^)). The authors noted that the annealed specimen was severely blistered due to the formation of pockets of water vapor. The correlation between the amount of absorbed tritium with oxygen content and dependence of permeation transients on both oxygen content and prior treatment was found and associated with reversible and irreversible interactions between hydrogen and dissolved oxygen.

In the case of the sintering of Cu-Cu~2~O-TiH~2~ reactive composites, the kinetics of reduction of oxygen-based impurities is obviously affected by the length of the diffusion pathway between the source of hydrogen (the decomposing TiH~2~ particles) and oxide impurities. To assess the diffusion kinetics of hydrogen and oxygen during the sintering of reactive composites, the data on effective diffusivity of hydrogen and oxygen in copper is provided in [Figure 13](#nanomaterials-10-01261-f013){ref-type="fig"} based on investigations \[[@B33-nanomaterials-10-01261],[@B34-nanomaterials-10-01261],[@B35-nanomaterials-10-01261],[@B36-nanomaterials-10-01261],[@B37-nanomaterials-10-01261],[@B38-nanomaterials-10-01261],[@B39-nanomaterials-10-01261],[@B40-nanomaterials-10-01261],[@B41-nanomaterials-10-01261],[@B42-nanomaterials-10-01261]\] summarized in the recent report of Magnusson and Frisk \[[@B43-nanomaterials-10-01261]\].

Both hydrogen and oxygen diffuse as interstitial elements. The diffusion of hydrogen was previously experimentally studied down to room temperature; oxygen measurements were performed down to 550 °C, and the values are extrapolated to the lower temperatures ([Figure 13](#nanomaterials-10-01261-f013){ref-type="fig"}).

The temperature expressions for hydrogen ($D_{H,Cu}^{FCC}$) and oxygen ($D_{O,Cu}^{FCC}$) diffusion in copper are \[[@B43-nanomaterials-10-01261]\]:$$D_{H,Cu}^{FCC} = 1.74 \times 10^{- 6}\exp\left( {- \frac{42,000}{RT}} \right)~\left( {m^{2}/s} \right)$$ $$D_{O,Cu}^{FCC} = 1.14 \times 10^{- 6}\exp\left( {- \frac{62,500}{RT}} \right)~\left( {m^{2}/s} \right)$$

The estimations for the employed hot pressing temperature (750 °C) gave the values of $D_{H,Cu}^{FCC}$= 1.2 × 10^−8^ m^2^/s and $D_{O,Cu}^{FCC}$ = 7.3 × 10^−10^ m^2^/s. Since the reactive composites consist of relatively thin copper layers with embedded TiH~2~ and Cu~2~O, the two-dimensional Einstein's relation can be applied to calculate the diffusion length (Equation (4)):$$D = \frac{s^{2}}{4t}$$ where *D* is the diffusion coefficient (m^2^/s), *s* is the diffusion length (m), and *t* is the time (s).

The calculated diffusion length for hydrogen and oxygen during the isothermal stage of sintering (150 s at 750 °C) is, correspondingly, 2.68 mm and 0.66 mm. Both of these values considerably exceed the characteristic sizes of the reactive composite powders produced by HEBM (50--100 μm, [Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}), ensuring that during the hot-pressing both diffusing gaseous species can penetrate Cu grains and reach the central regions from evenly distributed tiny precipitates.

One should consider, however, that oxygen has extremely low solubility in copper in the presence of copper oxides \[[@B37-nanomaterials-10-01261],[@B43-nanomaterials-10-01261]\]. The total mass transfer of oxygen will, therefore, be considerably lower than that of hydrogen, even though the mobility of the oxygen is relatively high.

The reduction of copper oxides has been studied in hydrogen gas mixtures corresponding to hydrogen activity close to unity relative 1 atm H~2~ gas. CuO reduction takes place at 200--300 °C \[[@B44-nanomaterials-10-01261]\], and Cu~2~O at higher temperatures (350--450 °C) due to its higher stability \[[@B45-nanomaterials-10-01261]\].

Since the hydrogen is a faster diffusor than oxygen, it will diffuse from the decomposing TiH~2~ particles towards Cu~2~O inclusions following the concentration gradient. Upon reduction, the as-formed H~2~O molecule will either leave the composite or become trapped within the copper matrix, serving as the source for the formation of Cu~3~Ti~3~O during the cooling stage \[[@B21-nanomaterials-10-01261]\].

4.2. Diffusion of Titanium in Copper {#sec4dot2-nanomaterials-10-01261}
------------------------------------

Iijima, et al. \[[@B46-nanomaterials-10-01261]\] studied the interdiffusion coefficients in the Cu-Ti system using the standard Matano analysis of diffusion couples of pure Cu and dilute Cu-Ti alloys. It should be noted that the activation energy Q = 46.8 ± 0.5 cal/mol calculated by Iijima et al. is in good agreement with the previous value Q = 42--54 kcal/mol for the volume diffusion of titanium atoms in copper reported in earlier studies of the kinetic behavior using electrical resistivity experiments \[[@B47-nanomaterials-10-01261]\].

The temperature dependence of $D_{H,Cu}^{FCC}$ obeys the Arrhenius relation and it is expressed by the following equation \[[@B46-nanomaterials-10-01261]\]:$$D_{Ti,Cu}^{FCC} = 0.693_{- 0.135}^{+ 0.169} \times 10^{- 4}\exp\left( {- \frac{196 \pm 2~{kJ} \cdot {mol}^{- 1}}{RT}} \right)~\left( {m^{2}/s} \right)$$

Using Equations (4) and (5), we estimated the diffusion length for Ti in Cu matrix as 0.067 mm (67 μm), which is comparable with the size of reactive composite powders ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}) and is above the average distance between TiH~2~ inclusion in the composite powders (5--30 μm), ensuring that the titanium can diffuse into the copper grains during the hot pressing. The smaller size of TiH~2~ particles in the reactive powders processed by two-step HEBM results in a more active release of H~2~ during the initial stages of sintering and, correspondingly, a more active reduction of Cu~2~O and a higher influx of Ti atoms into the copper matrix.

The interdiffusion coefficient in the Cu-rich Cu-Ti solid solution has been shown to depend slightly on the concentration of titanium: the logarithm of the interdiffusion coefficient decreases linearly with the increase of the concentration of titanium. Both the activation energy and the frequency factor for the interdiffusion increase with the increase of the titanium content. A slight shift of the Kirkendall marker toward the Ti-rich side has been found, indicating that titanium atoms diffuse faster than copper atoms in this alloy. However, the formation of Kirkendall voids was not observed \[[@B46-nanomaterials-10-01261]\]. Therefore, the residual pores observed in hot-pressed specimens in this work are probably the result of the trapping of water vapor formed upon the reduction of Cu~2~O by H~2~.

From the onset of Cu~3~Ti~3~O formation, a larger concentration of dissolute Ti atoms is available within the copper matrix, leading to the rapid growth of Cu~3~Ti~3~O precipitates and formation of relatively thick (up to 0.2 μm) grain boundary layers. The formation of Cu~3~Ti~3~O layers afflicts both the mechanical and conductive properties. Since the Cu~3~Ti~3~O phase is brittle and substantially less conductive than Cu, the isolation of Cu grains by Cu~3~Ti~3~O layers provides a convenient pathway for the propagation of brittle fracture and impedes the electrical conductivity, resulting in both more pronounced brittleness of the alloy ([Figure 8](#nanomaterials-10-01261-f008){ref-type="fig"}) and lesser thermal conductivity ([Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}c).

Pores play an important role in the mechanical behavior of the materials since they represent the potential sites for the microcracks formation. Pores are commonly evaluated using microstructural studies \[[@B48-nanomaterials-10-01261],[@B49-nanomaterials-10-01261]\]. Open porosity has a pronounced effect on wear characteristics since open pores entrap the wear debris and prevent the formation of large abrasive agglomerates \[[@B50-nanomaterials-10-01261]\]. The porosity of manufactured Cu-TiH~2~ was in the 2--7% range (relative density 93--98%, [Figure 7](#nanomaterials-10-01261-f007){ref-type="fig"}). At the residual porosity values around 4%, the porosity was usually closed; the inspection of the surface of specimens subjected to tribological testing revealed no open pores ([Figure 12](#nanomaterials-10-01261-f012){ref-type="fig"}a). Therefore, the impact of porosity on the tribological performance of Cu-10% TiH~2~ alloys appeared to be fairly limited.

The origin of non-linear dependence of both mechanical and conductive properties of Cu-TiH~2~ samples produced by single-stage HEBM on the TiH~2~ content (with a maximum at 10%) can be explained by the two competing processes occurring during the decomposition of TiH~2~: the influx of Ti atoms into the copper matrix and the release of hydrogen, which promotes the consecutive segregation of Ti from the copper matrix during the cooling. Apparently, the optimal amount of hydrogen required to ensure the segregation of 1 mol of Ti atoms from the copper matrix was higher than the amount released during the decomposition of 1 mol of TiH~2~. Therefore, in a somewhat counter-intuitive fashion, the formation of the α-Ti second phase surrounded by Cu~3~Ti~3~O layers ([Figure 4](#nanomaterials-10-01261-f004){ref-type="fig"}) was beneficial both for the conductive and mechanical properties of the alloy, since an amount of hydrogen necessary for the separation of Ti from the copper matrix was released during the sintering, whereas the influx of Ti into the copper matrix was limited due to the relatively low reactive surface between the as-formed α-Ti and the copper matrix. In that case, further optimization of mechanical and conductive properties of the developed alloys could be achieved by lowering the TiH~2~ content with the simultaneous introduction of additional H~2~ sources, such as sintering in H~2~ atmosphere or hot-pressing of reactive "sandwiches" with two outer layers of TiH~2~ and a central layer of Cu-TiH~2~ reactive mixtures (TiH~2~/Cu-TiH~2~/TiH~2~) and subsequent removal of the Ti layers.

4.3. Reproducibility of the Manufacturing Process {#sec4dot3-nanomaterials-10-01261}
-------------------------------------------------

Authors want to emphasize that all investigated alloys were manufactured using a specific PMS-1 grade electrolytic copper powder, which was produced by JSC "Uralelectromed" and contained a high amount of Cu~2~O. Oxide content-wise such powders can be compared to the cheap electrolytic pitch copper, which was widely used in the mid-20th century and was in particular investigated by Caskey, et al. \[[@B33-nanomaterials-10-01261]\]. Application of such copper was complicated by the formation of water vapors due to the hydrogen-induced reduction of cuprous oxides, which resulted in blistering and embrittlement of copper parts (hydrogen embrittlement of copper). In our work, the content of cuprous oxide in the starting powders was controlled by XRD analysis and the deviations were within the measurement errors; however, since cuprous oxide was not introduced into the copper powder in a controllable manner, its fraction may vary. To assess the tolerance of the process, at least three syntheses were performed for each investigated composition using different copper powder batches. No notable deviations between the samples of the similar composition produced from various batches were observed. However, additional investigations are required to assess whether the alloy will demonstrate similar properties if Cu~2~O is added to an oxide-free copper powder.

4.4. Structural Heterogeneity and the Mechanical Properties of Hot-Pressed Alloys {#sec4dot4-nanomaterials-10-01261}
---------------------------------------------------------------------------------

It should be noted that the achieved level of mechanical properties (ultimate tensile strength of 920 MPa) and conductivity (2.6 × 10^7^ Sm/m) did not surpass the highest previously achieved result---ultimate tensile strength up to 1600 MPa and conductivity up to 5.0 × 10^7^ Sm/m were reported for spark plasma sintered Cu-Ti composites \[[@B9-nanomaterials-10-01261]\]. This discrepancy might have arisen both from over-estimation of the tensile properties in \[[@B9-nanomaterials-10-01261]\] (which were calculated based on Vickers hardness) and from the detrimental effect of coarse Cu~3~Ti~3~O inclusions and pores in the Cu-Ti alloys manufactured in this work. Although coherent Cu~3~Ti~3~O precipitates evidently make the Cu matrix strong, the existence of the aforementioned detrimental microstructural features might compromise the structural integrity as the alloy as a physical body. Therefore, further optimization of the employed processing route is required.

5. Conclusions {#sec5-nanomaterials-10-01261}
==============

1.  Two high-energy ball-milling (HEBM) protocols were employed for the fabrication of Cu-Ti alloys: single-stage and two-stage ball milling, resulting in an order of magnitude refinement of TiH~2~ particles in the reactive mixtures.

2.  Single-stage HEBM processing led to the partial retention of Ti in the microstructure of hot-pressed specimens as the α-Ti phase, whereas the two-stage HEBM led to the complete conversion of TiH~2~ into the Cu~3~Ti~3~O phase during the hot pressing.

3.  In the HP samples prepared using single-stage HEBM processing, the Cu~3~Ti~3~O phase formed 10--20 nm precipitates distributed uniformly throughout the copper matrix, whereas two-stage processing led to the formation of 0.1--0.2 μm wide polycrystalline Cu~3~Ti~3~O layers on the boundaries of Cu grains. As compared to nanosized precipitates, grain-boundary Cu~3~Ti~3~O layers provided a considerably higher contribution to the resistivity of the alloy, resulting in a lower electrical conductivity (2.6 × 10^7^ Sm/m in case of single-stage HEBM and 0.4 × 10^7^ Sm/m in case of two-stage HEBM).

4.  Nanosized Cu~3~Ti~3~O precipitates provided more effective pinning of the Cu grain boundaries, promoting the formation of finer Cu grains (100--200 nm) in the alloys produced using single-stage HEBM as compared to the alloys produced using two-stage HEBM (1--2 μm Cu grains), which resulted in higher bending strength (up to 950 MPa) and tensile strength (920 MPa).

5.  The HP Cu-Ti alloy produced using single-stage HEBM Cu-10% TiH~2~ of mixture demonstrated 10 times lower specific wear as compared to copper and 3.5 times lower wear as compared to the alloy produced by the two-stage HEBM (1.1 × 10^−5^ and 3.8 × 10^−5^ mm^3^/N/m, correspondingly). This effect was caused by the higher strength of the alloy and formation of Cu~3~Ti~3~O microfibers in the wear debris, which decreased the friction coefficient against the Al~2~O~3~ counter-body.
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![The microstructure of the used copper powders obtained via scanning electron microscopy (SEM) (**a**) and transmission electron microscopy (TEM) (**b**); EDS maps of copper (**c**) and oxygen (**d**) in the copper powders.](nanomaterials-10-01261-g001){#nanomaterials-10-01261-f001}

![Time--temperature profile of the employed hot-pressing process.](nanomaterials-10-01261-g002){#nanomaterials-10-01261-f002}

![Differential granulometric composition of initial and pre-milled (refined) TiH~2~.](nanomaterials-10-01261-g003){#nanomaterials-10-01261-f003}

![Reactive composite particles in the Cu-2.5% (**a**,**b**) and Cu-10% TiH~2~ (**c**,**d**). TiH~2~ after two-stage (**a**,**c**) and single-stage high energy ball milling (HEBM; **b**,**d**).](nanomaterials-10-01261-g004){#nanomaterials-10-01261-f004}

![XRD patterns for the hot pressing (HP) specimens manufactured with two-stage HEBM of Cu-(0--15)% TiH~2~ mixtures.](nanomaterials-10-01261-g005){#nanomaterials-10-01261-f005}

![Microstructures alloys manufactured by HP of reactive mixtures after single stage (**a**,**c**,**e**,**g**,**i**) and two-stage (**b**,**d**,**f**,**h**,**j**) HEBM of Cu-(1--15)% TiH~2~ mixture during 10 min.](nanomaterials-10-01261-g006){#nanomaterials-10-01261-f006}

![Relative density (**a**), three-point bending strength (**b**), and conductivity (**c**) of Cu-Ti alloys produced by HP using single-stage and two-stage HEBM on TiH~2~ content in the reactive mixture.](nanomaterials-10-01261-g007){#nanomaterials-10-01261-f007}

![Engineering stress--strain curves for pure copper and HP alloy produced using single-stage and two-stage HEBM Cu-10% TiH~2~ composites.](nanomaterials-10-01261-g008){#nanomaterials-10-01261-f008}

![TEM images of the HP alloy produced using single-stage HEBM of Cu-10% TiH~2~ mixture (**a**,**b**) and corresponding EDS maps (**c**,**d**); reverse Fourier-transformed image of individual Cu~3~Ti~3~O nanoparticle semi-coherent to the copper matrix (**e**).](nanomaterials-10-01261-g009){#nanomaterials-10-01261-f009}

![TEM images of HP sample produced using two-stage HEBM (**a**,**b**) of Cu-10% TiH~2~ mixture and corresponding EDS maps (**c**,**d**); elemental composition of copper grains and Cu~3~Ti~3~O grain-boundary layers measured by EDS (**e**,**f**); and characteristic SAED pattern of the sample (**g**).](nanomaterials-10-01261-g010){#nanomaterials-10-01261-f010}

![3D and 2D-images of the wear tracks for the specimens of pure Cu (**a**), Cu-10% TiH~2~ mixture produced using single-stage HEBM (**b**), and HP alloy produced using the two-stage HEBM Cu-10% TiH~2~ mixture (**c**).](nanomaterials-10-01261-g011){#nanomaterials-10-01261-f011}

![SEM image of the wear track in the sample produced using two-stage HEBM of Cu-10% TiH~2~ mixture (**a**); TEM image of the individual Cu~3~Ti~3~O microfiber (**b**), and the elemental composition of the Cu~3~Ti~3~O microfiber measured by EDS (**c**).](nanomaterials-10-01261-g012){#nanomaterials-10-01261-f012}

![Effective diffusion coefficient for copper self-diffusion and diffusion of oxygen and hydrogen in the copper matrix.](nanomaterials-10-01261-g013){#nanomaterials-10-01261-f013}

nanomaterials-10-01261-t001_Table 1

###### 

Mechanical properties of phases in HP specimens measured by nanoindentation.

  ------------------------------------------------------------------------------------------
  Specimen            Cu          Cu~3~Ti~3~O   α-Ti                               
  ------------------- ----------- ------------- ----------- ---------- ----------- ---------
  Cu                  1.1 ± 0.1   135 ± 10      \-          \-         \-          \-

  Cu-10% TiH~2~\      5.5 ± 0.3   132 ± 9       6.9 ± 0.5   165 ± 15   \-          \-
  two-stage HEBM                                                                   

  Cu-10% TiH~2~\      5.2 ± 0.4   140 ± 12      5.8 ± 0.6   158 ± 15   3.0 ± 0.2   110 ± 8
  single-stage HEBM                                                                
  ------------------------------------------------------------------------------------------

nanomaterials-10-01261-t002_Table 2

###### 

Tribological performance for HP specimens of pure Cu and Cu-10% TiH~2~ mixture.

  Sample                              Normalized Wear, 10^−5^·mm^3^/N/m   Coefficient of Friction (CoF)
  ----------------------------------- ----------------------------------- -------------------------------
  Cu                                  9.3                                 0.86
  Cu-10% TiH~2~ (single-stage HEBM)   1.1                                 0.6
  Cu-10% TiH~2~ (two-stage HEBM)      3.8                                 0.74
